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The plasma membrane of living cells is compartmentalized at multiple spatial scales ranging 
from the nano- to the meso-scale. This non-random organization is crucial for a large number 
of cellular functions. At the nanoscale, cell membranes organize into dynamic nano-
assemblies enriched by cholesterol, sphingolipids and certain types of proteins. Investigating 
these nano-assemblies known as lipid rafts is of paramount interest in fundamental cell 
biology. However, this goal requires simultaneous nanometer spatial precision and 
microsecond temporal resolution which is beyond the reach of common microscopes. Optical 
antennas based on metallic nanostructures efficiently enhance and confine light into 
nanometer dimensions, breaching the diffraction limit of light. In this Perspective, we discuss 
recent progress combining optical antennas with fluorescence correlation spectroscopy (FCS) 
to monitor microsecond dynamics at nanoscale spatial dimensions. These new developments 
offer numerous opportunities to investigate lipid and protein dynamics in both mimetic and 
native biological membranes. 
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The plasma membrane is a complex, versatile and essential signaling interface that separates 
the cell cytoplasm from the extracellular space.
1,2
 Its spatiotemporal organization and 
biological function are intricately interlaced at the nanoscale.
3–5
 The heterogeneous landscape 
of the cell membrane is shaped by a variety of lipids and proteins that differ in their physico-
chemical properties. Sphingolipids, cholesterol and certain types of proteins such as 
glycosylphospatidylinositol-anchored proteins (GPI-APs) can assemble into dynamic 
nanoscale clusters or nanodomains, also known as lipid rafts.
6,7
. Although lipid rafts have 
been implicated in a large number of cellular functions
5,8–15
, their existence in living cells 
have been heavily debated given the enormous challenge associated with observing these 
transient nanodomains.
7,16–23
 This Perspective aims to briefly review and to place into a 
broader context very recent works using advanced nano-optical techniques to investigate lipid 
rafts and their dynamics in biological membranes. 
The basis for understanding cell membrane structure was proposed nearly 50 years ago by 
Singer and Nicolson.
24
 This fluid mosaic model captures the general characteristics of the cell 
membrane as a lipid bilayer dressed with embedded proteins. However, intensive research in 
the last twenty years has revealed that biological membranes are highly heterogeneous and 
with a much higher complex architecture that goes well beyond what it was initially proposed 
by the fluid mosaic model. Within the plane of the membrane, certain types of proteins, 
sphingolipids and cholesterol arrange in transient nanoscopic domains, also denoted as lipid 
rafts.
1,2,6,17,21
 These highly dynamic and fluctuating nanoscale assemblies can be stabilized in 
the presence of lipid- or protein-mediated activation events to compartmentalize cellular 
processes.
2,18
 By means of physically segregating specific molecular components within the 
membrane, lipid rafts are believed to modulate the activity of raft-associated proteins, and 
influence signaling and function of a broad range of membrane receptors.
5,8,10,15
 Moreover, 
recent research indicates that the biophysical properties of lipid rafts (size, composition and 
dynamics) can be modulated by the proximal actin cytoskeleton
7,25,26
 and components of the 
extracellular matrix
27–31
, adding an extra complexity to the sub-compartmentalization of the 
plasma membrane. While the overwhelming diversity of membrane nanodomains makes their 
study particularly challenging, understanding the fundamental mechanisms that lead to raft 
formation as the first organizing principle of the cell membrane, is of paramount importance.  
 
Artificial lipid bilayers have been extensively used as model systems since they recapitulate 
some of the most important features of biological membranes.
32–35
 On the microscopic scale, 
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ternary lipid membranes composed of unsaturated phospholipids, saturated sphingolipids and 
cholesterol separate into two distinct liquid phases which can be resolved by diffraction-
limited optics: a liquid disordered (Ld) phase comprised mainly of unsaturated phospholipids 
and a liquid ordered (Lo) phase mostly composed of saturated lipids and cholesterol.
2,5,36
 This 
Lo phase has been considered to represent the potential physical model for living rafts in 
cellular membranes.
2,5,32–35
 Microscopic and stable liquid-liquid phase separation has been 
observed on both supported lipid bilayers (SLB) and giant unilamellar vesicles prepared from 
cell membrane lipid extracts.
37,38
 However, such phase coexistence has remained so far 
largely unresolved on biological membranes. Interestingly, some studies have shown that the 
cell membrane in all its complexity is fully capable to phase segregate into a micrometer-
sized two-phase fluid-fluid system, upon a temperature decrease
39
, or through ganglioside 
GM1 (a raft lipid) tightening by its ligand cholera toxin-β (CTxB) at physiological 
temperatures
40
, provided that the membrane is separated from the influence of the cortical 
cytoskeleton. Based on these results, it has been proposed that an underlying selective 
connectivity mediated by cholesterol must exist among membrane rafts even at the resting 
state.
2,40
 This connectivity will thus be responsible for the large-scale phase segregation 
induced far beyond the valency of initial GM1 tightening through CTxB.
40,41
 Yet, most of the 
experimental proof for such raft connectivity has been based on the visualization of the end 
stage of an activated condition and in the absence of the cytoskeleton and/or membrane 
traffic, where the transient rafts are amplified to coalesce into larger, stable micrometer-sized 
raft domains. It is only at this stage that standard fluorescence microscopy is able to observe 
this segregation.  
 
In the context of fully intact living cells, early investigations on membrane organization 
yielded conflicting results regarding the sizes, distribution and dynamics of lipid rafts, 
including experimental results that refuted their existence.
2,5,16,18,23
 Most of the earliest work 
was performed using fluorescence recovery after photobleaching (FRAP)
42,43
 and more 
recently, using single particle tracking (SPT)
3,23,43,44
 and fluorescence correlation 
spectroscopy (FCS).
19,23,43
 FCS has been widely adopted for studying structural dynamics and 
biomolecular interactions on cell membranes as it features several key advantages.
19,45,46
 The 
working principle of FCS is to analyze the temporal correlation of fluorescence intensity 
fluctuations.
47
 This allows to determine the mean transit time averaging over thousands of 
single molecule diffusion events. The local molecular mobility can thus be investigated with a 
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high temporal resolution in the sub-microsecond regime together with a broad dynamic range 
of timescales from microseconds to seconds.  
 
While the FCS correlation function contains rich information on the molecular mobility, it is 
however hard to extract a complete description of the diffusion process (free, anomalous, 
constrained, directed …) out of a single FCS measurement. Alternatively, a more powerful 
method consists in performing diffusion measurements over a range of observation areas, as 
first introduced by Yechiel and Edidin in the context of FRAP.
48
 This concept has been 
further generalized by Lenne and coworkers to establish the so-called “FCS diffusion 
law”20,49, which is a graph representing the average FCS diffusion time as a function of 
increasing observation areas (Fig.1). Based on a series of FCS measurements for different 
observation areas, the shape of the FCS diffusion law allows to determine the nature of the 
diffusion process and the underlying membrane organization at scales smaller than the 
accessible experimental observation area.
20,50
 Free diffusion is characterized by a strict linear 
proportionality between the diffusion time and the area, hence the curve crosses the origin 
(Fig.1 c). The presence of impermeable obstacles constrains the diffusion and increases the 
apparent time to cross a given observation area, thus the slope of the FCS diffusion law is 
higher, but the origin (0,0) is still crossed. Notably, the presence of confinement affecting the 
lateral diffusion is revealed by a deviation of the intercept on the time axis t0 from the origin 
(Fig.1 c). Extrapolating the experimental curve to the intercept with the time axis, hindered 
diffusion due to nanodomains is regarded as a positive intercept on the time axis, while the 
meshwork model is related to a negative intercept. This approach was established on 
diffraction-limited confocal microscopes, where the FCS diffusion law for the transferrin 
receptor TfR-GFP (known to interact with the cytoskeleton meshwork) yielded a negative t0 
value, while that of the fluorescent ganglioside GM1 exhibited a positive t0 value.
20,51
 By 
extrapolating to the origin, the FCS diffusion laws can predict the occurrence of membrane 
heterogeneities affecting the lateral diffusion at spatial scales well beyond the optical 
resolution. However, the size of lipid rafts is expected to be around 10-100 nm
18,19,52
, so their 
areas are 5 to 500 x smaller than the smallest diffraction-limited observation area on confocal 
microscopes. Reducing this gap between optical resolution and the size of lipid rafts to gain 
better insights on membrane organization at the nanoscale is currently a field of active 
research. 
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Figure 1. Principles of FCS diffusion laws to reveal biomembrane organization at the 
nanoscale. (a) FCS diffusion laws are constructed by measuring the diffusion times of 
molecules traversing illumination areas of increasing sizes. (b) Different diffusion models 
depending on the membrane organization can be distinguished by varying the illumination 
areas. Molecules can freely diffuse on the membrane or show hindered diffusion due to their 
dynamic partitioning into nanodomains or due to the cortical actin meshwork. (c) FCS 
diffusion laws showing diffusion times versus observation area. The type of diffusion is 
retrieved by extrapolation of the curves through the y-axis intercept t0. Free diffusion and 
impermeable obstacles are characterized by t0 = 0, while a positive t0 intercept indicates the 
presence of nanodomains transiently trapping the molecular probe. A negative t0 intercept 
relates to a meshwork of barriers separating adjacent domains. The observation areas 
accessible with various super-resolution techniques are indicated as grey lines. 
 
 
With the advent of super-resolution optical microscopy approaches such as single molecule 
localization methods
53–55
, stimulated emission depletion (STED) microscopy
56–58
 and near-
field scanning optical microscopy (NSOM)
8,59–62
, it is now becoming clearer that lipids and 
proteins can indeed organize in nanometric compartments on the cell membrane, albeit a 
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consensus in terms of their sizes and dynamics has not yet been reached. In terms of dynamic 
measurements at the nanoscale, NSOM has been combined with FCS to show anomalous 
diffusion of ganglioside GM1 on living cell membranes at sizes smaller than 120nm.
63
 STED 
has been also combined with FCS to explore the nanoscale dynamics occurring in lipid 
membranes.
22,64–68
 Notably, STED-FCS experiments on living cell membranes revealed that 
unlike phosphoglycerolipids, sphingolipids and GPI-APs are transiently trapped in 
cholesterol-mediated molecular complexes of sub-20 nm dimensions.
22
 These landmark 
results rely on the key benefits of STED-FCS to provide sub-diffraction spatial 
(super)resolution, tunable observation areas, and microsecond temporal resolution. STED-
FCS was also applied to study ternary lipid-cholesterol model membranes featuring 
microscopic liquid-liquid phase separation into Ld and Lo phases, without observing any 
direct evidence of the presence of nanoscopic domains at the spatial scales down to 40nm.
65
 
However, nanoscale assemblies smaller than the 40 nm minimum STED resolution may still 
exist without being observed. Further recent technical developments extended the FCS 
functionalities to scanning STED-FCS
67
 being specially adapted to membrane studies of slow 
diffusion, and to fluorescence lifetime filtering STED-FLCS.
68
 Recently, Basu and coworkers 
detected dynamic heterogeneities at length scales of ~ 100-150 nm in binary phospholipid-
cholesterol bilayers of high cholesterol content (50 %) by applying STED-FCS (with a 
resolution of ~ 80nm).
69
 The occurrence of these heterogeneities in binary model membranes 
showing no macroscopic phase separation indicates that the domain formation is driven by 
cholesterol packing and influenced by the phospholipid type. However, the high cholesterol 
content (50 %) used in the binary mixtures complicates a direct comparison to cellular 
membranes. 
Advanced SPT
3,26,70
 and the recently introduced high-speed SPT interferometric scattering 
microscopy (iSCAT) technique
71
 enable direct visualization of single particle trajectories. 
iSCAT microscopy allows nowadays nanometer localization precision together with 
microsecond time resolution by means of using 20-40nm gold nanoparticles as labeling 
probes.
72,73
 Recent high-speed SPT experiments using 20 nm gold beads attached to 
individual lipids in multicomponent model membranes showed anomalous diffusion in the Lo 
phase consistent with the occurrence of nanoscale heterogeneities, while homogeneous lipid 
diffusion was observed in the Ld phase.
74
 The estimated sizes of the nanodomains in the Lo 
phase varied between 20 to 40 nm with lipid trapping times inside the domains below 1 ms. 
iSCAT thus constitutes an attractive tool to investigate dynamic biophysical processes in 
mimetic systems at the nanoscale, yet additional investigations are still required to rule out 
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potential artifacts related to the large size of the gold nanoparticle label with respect to the 
lipids under study. 
Beside these enormous progresses in super-resolution microscopy and single-molecule 
dynamic approaches, advances from the nanophotonics field have led to the concept of 
photonic nanostructures to confine light on a subwavelength scale and reach sub-diffraction 
observation areas in FCS.
75–77
 A conceptually simple yet powerful approach uses single 
nanometric apertures milled in a metallic film also known as zero-mode waveguides (ZMW) 
to confine the illumination spot directly in the sample plane.
78
 Typically, the apertures have 
radii between 50 to 250 nm and are milled in an opaque aluminum film covering a glass 
coverslip.
79,80
 Their combination with FCS has been used to probe model lipid membranes
81,82
 
and living cell membranes
83–86
, revealing for instance that fluorescent chimeric ganglioside 
proteins partition into 30 nm structures within the cell membrane.
86
 While the ZMW approach 
is very efficient at confining light within nanospots of diameters between 100 to 200 nm, this 
technique has difficulties reaching spot sizes below 80 nm. Indeed, the FCS signal-to-noise 
ratio rapidly deteriorates for ZMW diameters below 100 nm as a consequence of fluorescence 
quenching induced by the metallic aperture edges.
87
 An additional issue affecting the use of 
ZMWs for living cell membrane studies is the lack of control on the membrane invagination 
into the aperture. This problem has been addressed by introducing a planarization procedure 
in the nanofabrication process filling the aperture volume with fused silica.
88,89
 Thanks to the 
absence of a height difference between the ZMW and the surrounding metal layer, the cells 
can lie on a nearly perfectly flat surface. The best results achieved so far reach a nanospot 
diameter of 60 nm and microsecond resolution.
89
 
The concept of resonant optical nanoantennas has been introduced to further confine the 
excitation light down to sub-20 nm scales.
90–92
 Optical nanoantennas are metallic (plasmonic) 
nanostructures that localize and enhance the incident optical radiation into highly confined 
nanometric regions (plasmonic hotspots), leading to greatly enhanced light-matter 
interactions.
93,94
 Over thousand-fold enhancement of the single molecule fluorescence signal 
was reported with lithographically fabricated gold nanoantennas in the shape of bowties
95
, 
with dimers of gold nanoparticles assembled with DNA origami
96,97
 and at the apex of single 
gold nanorods.
98,99
. Recent advances in nanofabrication using colloid nanosphere lithography 
combined with plasma processing
100
 and nanostencil lithography
101
 enable nowadays large 
scale production of reproducible nanoantennas with narrow gaps as required for the study of 
the plasma membrane of living cells. However, the applications of plasmonic antennas to 
living cells remain scarce. Plasmon-enhanced fluorescence was recently observed inside 
8 
 
living bacterial cell membranes
102
, highlighting the need to develop well-tuned substrates to 
maximize fluorescence enhancement and signal-to-noise ratio. In the highly active field of 
biosensing in the context of nanomedicine
103
 plasmonic antennas have enabled to perform 
Raman spectroscopy in a microfluidic device on the single cell level
104
 or to detect single 
amino acid mutations in breast cancer cells.
105
 
A major issue limiting the use of optical nanoantennas for living cell membrane studies is the 
efficient rejection of the background fluorescence light originating from the molecules that 
are sufficiently away (tens of nanometers) from the antenna hotspot but still within the 
diffraction limited confocal volume.
106
 For antennas made of individual nanoparticles
107–111
 or 
dimers of nanoparticles
112–114
 deposited on a glass substrate, the fluorescence background can 
be significantly larger than the antenna-enhanced fluorescence signal from the plasmonic 
hotspot, challenging single molecule detection and FCS using nanoantennas. The initial 
approach to deal with this challenge employed low quantum yield emitters (quantum yield 
below 8 %) leading to maximizing the apparent fluorescence enhancement while minimizing 
the background
110–112,114
 Another solution relies on time gating and lifetime filtering, taking 
advantage of the reduced lifetime of the emitters in the vicinity of the plasmonic hotspot.
115
 A 
third approach, and the one that we will detail further in this Perspective, uses a dedicated 
antenna design termed “antenna-in-box”.116,117  
The “antenna-in-box” platform features a metal dimer nanogap antenna centered inside a 
nanoaperture and is specifically designed for FCS and single molecule analysis at 
physiologically relevant (micromolar) concentrations (Fig. 2). The central nanogap antenna 
provides the nanoscale plasmonic hotspot, while the surrounding metal cladding screens the 
fluorescence background by preventing the excitation of the molecules diffusing away from 
the nanogap.
116
 A challenge associated with classical nanofabrication techniques such as 
focused ion beam milling or electron beam lithography is that the region of maximum field 
localization is buried into the nanostructure and not directly accessible for fluorescent emitters 
embedded in a membrane. We recently overcame this issue by combining electron beam 
lithography with planarization, etch back and template stripping.
118
 The planarization strategy 
fills the aperture volume with a transparent polymer, yielding a flat top surface (of a planarity 
better than 3 nm, see Fig. 2 c), compatible with membrane studies on living cells. Possible 
curvature induced effects on the cell membrane are thus avoided.
88,89
 The etch back approach 
produces reproducible arrays of nanoantennas with controlled gap sizes and sharp edges. With 
a gap size of 10 nm, the antenna gap area can be as small as 300 nm
2
 (Fig. 2 d,e), realizing a 
reduction of 200 x as compared to the diffraction-limited confocal area. Lastly, the template 
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stripping flips the plasmonic hotspot to the top surface and place it in the immediate vicinity 
of the cell membrane. Owing to these nanofabrication advances, planar plasmonic 
nanoantennas drastically improve optical performance leading to fluorescence enhancement 
factors above 10,000 x (for crystal violet dyes of 2 % quantum yield) and detection volumes 
in the zeptoliter range.
118
 
 
 
Figure 2. Planar optical nanoantennas to investigate lipid biological membranes. (a) 
Schematics of the experimental arrangement. Arrays of planar optical antennas are fabricated 
by electron beam lithography. Each antenna consists of a dimer of gold nanoparticles 
separated by a nanometric gap embedded in a polymer filling a rectangular aperture. The gold 
dimer confines the excitation light into a nanometric hotspot while the metal cladding 
prevents direct excitation of the surrounding fluorescently labeled membrane. The lipid 
membrane is directly prepared on top of the planar nanoantennas. (b) Transmission electron 
microscope (TEM) image of a representative antenna with 10 nm gap size. (c) Atomic force 
microscope (AFM) image of the antenna sample top surface. The topography profile (red 
curve) along the antenna axis shows variations in height below 3 nm across the antenna. (d) 
Finite-difference time-domain (FDTD) simulations of the electric field intensity profile within 
a 10 nm gap antenna for an illumination wavelength of 633 nm. The color scale indicates the 
enhancement of the local excitation intensity. (e) Simulations of the observation areas as a 
function of the gap size. Each observation area is computed as the product of the gap size 
times the full width at half maximum of the intensity profile along the direction perpendicular 
to the antenna main axis. 
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We have recently used these planar plasmonic nanoantennas in combination with FCS to 
assess the dynamic nanoscale organization of mimetic biological membranes.
119
 As already 
mentioned, tertiary model lipid membranes composed of phospholipids, sphingolipids and 
cholesterol separate into stable coexisting Lo and Ld phases which are microscopic in size 
and easily observable by diffraction-limited optical microscopy.
32–35,120,121
 However, there are 
intriguing indications that the microscopically homogeneous Lo and Ld phases in model lipid 
membranes might in fact be also heterogeneously organized at the nanometer scale, 
resembling the scenario occurring in living cells.
18,74,122
 Indeed, atomistic and coarse-grained 
simulations have predicted the existence of highly transient lipid clusters around 10 nm in size 
and with microsecond lifetimes within both phases, namely raft and non-raft domains of 
multicomponent membranes.
123
 In support of these simulations, recent NMR experiments 
demonstrated that a significant amount of saturated lipids and cholesterol is present in the Ld 
phase, and that unsaturated lipids are also found in the Lo phase, strongly pointing towards 
the existence of nanoscopic assemblies in both phases.
122
 However, other workers have 
observed the presence of transient nanoscopic domains only in the Lo phase
74,124,125
, while 
others have shown  the occurrence of nanoscopic heterogeneities in the Ld phase.
126,127
 
Finally, a STED-FCS study showed no nanodomain formation down to 40nm (set by the 
STED resolution) in any of the phases, indicating that both phases are homogeneously 
distributed.
65
 
To investigate the potential existence of transient nanoscopic heterogeneities within the 
microscopically homogeneous Lo and Ld phases in model lipid membranes we thus took 
advantage of the planar plasmonic nanogap antenna platform combined with FCS at various 
nanoscale illumination areas.
119
 We analyzed the diffusion of individual DiD fluorescent 
molecules inserted in lipid bilayers composed of the unsaturated phospholipid 1,2-dioleoyl-
sn-glycerol-3-phosphocholine (DOPC) alone, DOPC in combination with sphingomyelin 
(SM) (1:1 molar proportions) and of the two ternary mixtures of DOPC, SM (1:1) with 
addition of 10 or 20 mol % cholesterol (Chol) (Fig. 3a). Using nanoantennas of gap sizes from 
10 to 45 nm, the FCS diffusion laws could be extended down to areas of a few hundreds of 
nm
2
 (Fig. 3b). The results for the diffusion of the dye in pure DOPC membranes indicated 
free Brownian diffusion down to the nanoscale, as expected for a homogeneous lipid 
distribution. Importantly, these results confirm that the planar nanoantenna platform does not 
introduce any artifacts hindering the diffusion of fluorescent dyes. In the presence of 
cholesterol, microscopic phase separation occurred into the Lo and Ld phases, enabling the 
investigation of putative nanoscopic heterogeneities in both phases. Interestingly, the FCS 
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diffusion laws for both the Lo and Ld phase displayed positive y-axis intercepts t0 
significantly deviating from free Brownian diffusion (Fig. 3b). These results indicate the 
presence of transient nanoscopic domains in both the Ld and Lo phases of ternary lipid 
mixtures with sizes about 10 nm and short characteristic times around 30 μs for the Ld, and 
100 μs for the Lo phases (Fig. 3c).119 The extremely short-lived average residence time for the 
heterogeneities in the Ld phase is most likely the reason why they have not been detected 
before even with high-resolution SPT.
74
 Although the plasma membrane of living cells bears 
a much higher complexity, these nanoscale assemblies in lipid model membranes might 
illustrate a general underlying principle setting the basis for lipid raft formation in living cells. 
 
  
Figure 3. Transient nanodomains in biological model membranes of ternary lipid 
mixtures resolved by optical nanoantennas. (a) FCS correlation curves for DOPC:SM(1:1) 
+ Cholesterol 20 mol % lipid mixtures recorded for the liquid ordered (Lo) and liquid 
disordered (Ld) phases in the confocal setup and with a 12 nm gap antenna. (b) FCS diffusion 
laws at the nanoscale for the ternary lipid mixture DOPC:SM(1:1) + Cholesterol 20 mol % in 
the Lo and Ld phases. The results for pure DOPC bilayers are shown for comparison. (c) The 
positive y-axis intercept t0 (highlighted by red arrows) in (b) reveals the existence of transient 
nanoscopic domains in both the Lo and Ld phases for lipid mixtures containing cholesterol.  
 
 
To extend the applications of planar nanoantennas to membrane studies, we recently used 
these platforms in combination with FCS to measure the nanoscale dynamics of different 
lipids in fully intact living cells.
128
 For this, living Chinese hamster ovary (CHO) cells were 
incubated in a cell culture well on the antenna platform at 37 °C so that the cells could nicely 
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adhere on the nanoantenna substrate (Fig. 4 a).
128
 We discuss here the results obtained by 
measuring the sphingomyelin (SM) lipid analog labeled with the fluorescent dye Atto647N 
before and after methyl-β-cyclodextrin (MCD) treatment. MCD depletes cholesterol from the 
cell membrane, which is expected to play a significant role in the formation of lipid rafts. 
With the diffraction-limited resolution of the confocal microscope, the typical fluorescence 
bursts (Fig.4 b) and FCS traces (Fig.4 c) for both SM before and after MCD treatment (MCD-
SM) showed barely distinguishable features. In stark contrast, clear differences between the 
SM and MCD-SM signals were observed with a 12 nm hotspot from the nanoantenna, 
indicating the influence of cholesterol in hindering the diffusion of SM. 
 
  
Figure 4. Lipid membrane organization in living cells probed by optical nanoantennas. 
(a) Experimental scheme: live CHO cells are seeded and grown directly on the planar antenna 
substrate. (b) Example of fluorescence bursts and FCS correlation traces (c) for 
sphingomyelin (SM) before and after cholesterol depletion using MCD treatment, recorded in 
the confocal setup and with a 12 nm gap antenna. (d,e) FCS diffusion laws for SM before and 
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after MCD treatment. Linear fits through the median values (continuous lines) are 
extrapolated through the y-axis intercept t0 (dashed lines, red arrow). The box plots in (e) 
represent the 25th, 50th and 75th percentiles while the bars indicate the 10th and 90th 
percentiles (for 48 different antennas).  
 
 
We further plotted the FCS diffusion laws recorded on nanoantennas for SM and SM after 
MCD treatment (Fig. 4 d,e). The slope of the fitted curves allows to determine the diffusion 
coefficients to DSM = 0.38 ± 0.19 μm
2
/s and DMCD-SM = 0.46 ± 0.07 μm
2
/s, which are 
consistent with the confocal measurements. Extrapolating the fits to estimate the time-axis 
intercepts, we found for SM a positive t0,SM ~ 110 ± 80 μs, while after MCD treatment, the 
intercept comes close to zero with t0, MCD-SM ~ 20 ± 15 μs. It should be pointed out that a 
positive time-axis intercept t0 does not exactly correspond to the trapping time of the 
nanodomains. As shown by Ruprecht and coworkers
50
, in the case of immobile nanodomains 
and an exponential distribution of trapping and diffusion times, the time offset t0 is the 
product of the trapping time τtrap times the fraction β of trapped fluorophores: t0 = β τtrap.  
Likewise, the effective diffusion coefficient Deff measured from the FCS diffusion laws can be 
expressed Deff = (1-β) Dfree where Dfree is the diffusion coefficient for the free dye. Using the 
experimental values measured for SM before and after MCD treatment (and substituting in the 
previous equations DSM = Deff and DMCD-SM = Dfree), we obtain β=0.17 and τtrap =0.6 ms. A 
slightly modified set of equations allows to take into account also the mobility of the 
nanodomains.
50
 Assuming that the diffusion coefficient for the nanodomains is ten times 
slower than for free diffusion Dtrap = Dfree /10, we obtain slightly modified values for the 
trapped fraction and trapping time, i.e.,  β =0.19 and τtrap. =0.9 ms. These results stand in good 
agreement with the 1-2~ms trapping time inferred from STED-FCS using an anomalous 
diffusion fitting (Fig. S3 of Ref. 
22
). Altogether, these results indicate the occurrence of 
cholesterol-dependent nanodomains hindering SM diffusion in living cell membranes with 
sub-millisecond characteristic times and typical sizes below 10 nm (as inferred from the 
smallest gap size of our antennas). These experimental observations extend the previous 
works
20,51
 on FCS diffusion laws to the nanoscale dimension far below the diffraction limit. 
Taking advantage of the narrow gap sizes down to 10 nm, this approach also allows to explore 
membrane organization on areas below the 10
-3
-10
-4
 nm
2
 spatial scale probed by STED-
FCS.
22
 The nanodomain characteristics stand in good agreement with the predictions from 
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stochastic models
18,123,129
, and with the current understanding of lipid rafts as highly transient 
and fluctuating nanoscale assemblies of sterol and sphingolipids.
2,7,52
 
 
In conclusion, planar plasmonic nanoantennas with accessible surface nanogaps offer a 
promising new approach to investigate the dynamic nanoscale organization of living cell 
membranes. The proof-of-principle demonstrations on model lipid membranes
119
 and CHO 
cell membranes
128
 constitute a significant step forward in our ability to address native 
biological membranes with ultrahigh spatiotemporal resolution at the nanometer and 
microsecond scales. The nanoantennas provide an encouraging outlook to investigate the 
dynamics and interactions of lipids and raft-associated proteins and their recruitment into 
molecular complexes. These studies will ultimately improve our understanding of the cell 
membrane organization and its link to the cell's function. 
Working on multicomponent mimetic biological membranes permits to investigate the 
nanoscale dynamic organization of biological membranes and its impact in biological function 
in a controllable manner. Future directions involve the addition of more complex components 
into the mimetic system such as membrane signaling proteins, components of the glycan 
network or a cortical actin mesh. The envisioned next steps in living cells will explore the 
native influence of the adjacent inner and outer environment (the cortical actin cytoskeleton 
and the glycan network, respectively) on templating the dynamic nanoscale organization of 
the plasma membrane. Reaching these goals will also require pushing the nanoantenna 
technology even further, to narrow the antenna gap, sharpen the metal edges, improve the 
overall reproducibility over the full antenna arrays and enabling multiplexed, parallel 
detection from hundreds of antennas simultaneously. Additional challenges comprise the 
development of antennas with broadband resonance enabling multi-color fluorescence 
detection. Altogether, this outlook preludes a new class of biomolecular studies with ultrahigh 
spatial and temporal resolutions, reaching the long-awaited goal of nanometer spatial 
precision combined with microsecond temporal resolution and with full biocompatibility. 
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